Objective. Current determinations of diagnostic ultrasound exposure parameters (eg, peak rarefactional pressure and pulse intensity integral) are intended to correspond to propagation through soft tissue with a propagation speed of 1540 m/s and attenuation of 0.3 dB ⋅ cm . These current measurements are made in water, which has very little attenuation, and a linear derating factor is applied to approximate 0.3 dB ⋅ cm -1 ⋅ MHz -1 attenuation. The fact that propagation through water as well as through soft tissue involves nonlinear propagation is not directly addressed. A better way to determine exposure parameters would be to use a liquid that has the desired tissue-mimicking properties, including a value of the nonlinearity parameter B/A representative of soft tissue. To be of practical use in the laboratory, the ultrasonic properties of this liquid must remain stable and spatially uniform for many months or years without need for periodic mixing by the user. Methods. Fifty-two samples of fat-free milk that was concentrated to one third of its original volume by ultrafiltration were created. Each sample was preserved by a different method. The speed of sound, attenuation, and nonlinearity parameter B/A of each sample were periodically monitored by narrowband through-transmission techniques. Results. Six of the 52 samples remained liquid and retained acceptably stable acoustic properties over 22 months of storage at room temperature. Conclusions. Fat-free milk, concentrated via ultrafiltration and preserved in 1 of 6 different methods, has been found to be a stable tissue-mimicking liquid with acoustic properties appropriate for use in exposimetry. Key words: acoustic output; acoustic properties; bovine milk; exposimetry; liquid; tissue mimic. tissue-mimicking (TM) liquid with acoustic properties that are stable for many months or years could be useful in ultrasound exposimetry 1 and transducer characterization. To our knowledge, a TM liquid with acoustic properties that are stable for more than a few weeks without mechanical agitation to maintain uniformity has not yet been reported in the literature. Water is used as a propagation medium for exposimetry and beam characterization studies. The acoustic properties of water (speed of sound at room temperature, attenuation, and nonlinearity parameter) are considerably different from those of soft tissue. Several recent studies have shown that the use of water may lead to appreciable errors in values of exposimetry parameters due to a nonlinear propagation effect 2-7 or the speed of sound not being 1540 m/s. 8, 9 The current method of quantifying acoustic output is described in detail in the Acoustic Output Measurement Standard for Diagnostic Ultrasound Equipment.
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tissue-mimicking (TM) liquid with acoustic properties that are stable for many months or years could be useful in ultrasound exposimetry 1 and transducer characterization. To our knowledge, a TM liquid with acoustic properties that are stable for more than a few weeks without mechanical agitation to maintain uniformity has not yet been reported in the literature. Water is used as a propagation medium for exposimetry and beam characterization studies. The acoustic properties of water (speed of sound at room temperature, attenuation, and nonlinearity parameter) are considerably different from those of soft tissue. Several recent studies have shown that the use of water may lead to appreciable errors in values of exposimetry parameters due to a nonlinear propagation effect [2] [3] [4] [5] [6] [7] or the speed of sound not being 1540 m/s. 8, 9 The current method of quantifying acoustic output is described in detail in the Acoustic Output Measurement Standard for Diagnostic Ultrasound Equipment. 10 This method relies on measurements performed in water that have a simple correction factor applied to account for the difference in attenuation between water and soft tissues. The correction process is known as derating and consists of multiplying each acoustic pressure value in water by a factor of e
, where α d is the derating coefficient and z is the distance between the source and hydrophone. The recommended derating coefficient corresponds to an attenuation coefficient slope of 0.30 dB ⋅ cm , where f c is the center frequency of the pulse and the factor 0.115 is the conversion factor from decibels to amplitude neper. This value of the derating coefficient is less than that of the attenuation coefficient in most soft tissues (other than cases such as obstetric scanning through the full bladder) and was chosen to give conservative estimates of the in situ output parameters. That is, the derating method should produce acoustic pressure values that are greater than corresponding values in actual tissue. Computation of acoustic output parameters reported in response to US Food and Drug Administration requirements (eg, intensity values, thermal indices, and the mechanical index) are based on derated acoustic pressure values.
The derating process assumes a linear pulse propagation model for the ultrasound beam. That is, nonlinear aspects of sound propagation are ignored. It is known that nonlinear propagation effects can be substantial in many diagnostic situations. [11] [12] [13] Several numerical studies have addressed the effect that nonlinear propagation has on measurements of acoustic output. [3] [4] [5] [6] [7] In general, these studies have concluded that nonlinear propagation effects can cause the derating procedure to produce acoustic output values that are appreciably less than the corresponding values in tissue or TM material. A TM liquid would allow positioning of the monitoring hydrophone anywhere in the ultrasound field while offering tissuelike speed of sound, attenuation, and nonlinear propagation, thus eliminating the need to derate the measured values and avoiding the associated errors.
14 For practical use, it is necessary that such a liquid have acoustic properties that are stable over a long time span (many months or years) to ensure that acoustic output parameter measurements are repeatable. Ideally, such a liquid would require minimal interactions to maintain that stability;
for example, no need should exist to periodically agitate the liquid or monitor its acoustic properties.
In recent years, concentrated whole bovine milk has been used as the absorbing component in both solid and liquid TM materials.
14 Such materials can be made with very low scatter, a speed of sound of 1540 m/s, and an attenuation coefficient that is nearly proportional to frequency with a slope between 0.3 and 0.7 dB ⋅ cm
. One previous work on the accuracy of the derating process used a TM liquid produced in this manner. 2 In this study, a TM liquid consisting of 36.3% evaporated whole milk, 60.7% deionized water, and 3.0% n-propanol, preserved with 1-g/L thimerosal (hereafter referenced as TM1999) was used to obtain acoustic output measurements. The average attenuation coefficient slope was 0.27 dB ⋅ cm
, with a speed of sound of 1526 m/s and nonlinearity parameter B/A of 5.7. With the use of a derating coefficient factor corresponding to 0.27 dB ⋅ cm
, this study found appreciable differences between acoustic output parameters measured in the TM liquid and the corresponding derated values obtained in water. The values of the pulse intensity integral (PII) and peak rarefactional pressure (p r ) measured in TM liquid were up to twice the derated values obtained in water. The authors concluded that the derating process does not always generate conservative estimates of the acoustic output parameters. However, they observed that the acoustic properties of the TM liquid could change over several days or a few weeks as a result of the lower-density lipid particles rising to the surface of the liquid. The reduction in the lipid component in the bulk of the liquid resulted in a considerable decrease in the attenuation coefficient. Therefore, it was necessary to mix the material periodically to maintain uniformity. The need for mixing limits the practical usefulness of the liquid as a standard material for exposimetry.
Another possible TM material that could be used for exposimetry studies is a "psuedoliquid" material described by Chin et al 15 (referred to as TM1990). This material consists of mass-produced millimeter-sized graphite-in-agar spheres kept in an aqueous 10% n-propanol solution. The spheres are closely packed in the aqueous solution, the downward net force on each sphere being about 1 described as a "slurry." This material has the disadvantage that there can be slight but notable variations in the received signal because of random small spatial variations in attenuation and small refraction effects.
There is a need for a stable TM liquid that could be used for exposimetry and beam profile determinations instead of water. The ideal TM liquid for exposimetry studies would have acoustic properties at room temperature that include a speed of sound of 1540 m/s, an attenuation coefficient slope of 0.3 dB ⋅ cm
, and nonlinearity parameter B/A in the range of commonly imaged soft tissues (≈6.5-8.5 for nonfatty soft tissues and 9.5-11 for fatty tissues). 16, 17 The acoustic properties should not change appreciably for months or even years, allowing for measurements over this period with minimal maintenance. In this work, we report a procedure for the production of such a TM liquid.
Physical and Chemical Properties of Bovine Milk
Bovine milk has several unique physical and chemical properties that are relevant to its use in the creation of a stable TM liquid. These properties are summarized in a variety of texts, including work by Walstra et al. 18 Whole milk is composed of water (on average, 87.1% by weight), lactose (4.6%), lipids (4.0%), protein (3.3%), and various mineral substances, organic acids, and other miscellaneous materials (1.0%). Essentially all the lipids present in milk are found in fat globules, microscopic particles that are 0.1 to 10 µm in diameter and have a density of 0.92 g/mL. Skim milk (also known as fat-free milk) may contain up to about 0.2% fat by weight in the United States. Most of the protein in milk (80%) is in the form of casein micelles, which are particles with diameters between 10 and 600 nm. The diameter distribution of the micelles is very asymmetric and has a volume surface average diameter of 100 nm. 18 Considerable portions of the peptide chains protrude from the surface of the micelle, resulting in an appearance somewhat like a sphere with hairs on it. Micelles are loosely packed and contain much water, about 4.4 g of water per gram of protein, and have a density of about 1.07 g/mL. There are approximately 10 14 casein micelles per milliliter of milk with a volume fraction in whole milk of about 10%. The remaining 20% of protein in milk consists of serum proteins that are present as very small aggregates or in molecular form and that are 3 to 6 nm in diameter. The material that remains after removal of the fat globules and casein micelles is known as milk serum. Fat globules readily rise to the surface of milk because of the much lower density of fat globules than the milk serum and the relatively large size of the fat globules. Conversely, casein micelles have a much smaller diameter, and the density difference between them and milk serum is not as great. Thus, casein micelles will typically stay in suspension, with thermally induced convection currents and brownian motion being sufficient to keep them from forming a sediment at the bottom of the milk.
The speed of sound and attenuation coefficient of milk are well known. Heuter et al 19 observed that the attenuation coefficient of whole bovine milk between 0.2 and 40 MHz is nearly proportional to frequency, with a value approximating that of homogenized liver in the range of 2 to 10 MHz. Heuter et al 19 also found that the attenuation coefficient of fat-free milk is about half the attenuation coefficient of whole milk and concluded that the casein micelles must be responsible for the observed attenuation of fat-free milk. A more detailed analysis of the attenuation coefficient of fat-free milk directly measured the attenuation coefficient due to the presence of casein micelles and reached the same conclusion. 20 One potential problem with using milk as a TM liquid is its inherent instability. Any microbiological contamination will quickly result in spoilage at room temperature. 18 Therefore, some method of preserving the liquid from microbes is necessary. Additionally, there is a process known as age gelation that can cause milk to separate into a semisolid mass of protein and a clear liquid over several weeks or months. 21 This process is discussed in depth in several publications, including many texts on dairy science such as that by Fox 22 and in a review of the subject performed by Datta and Deeth. 23 Age gelation is not related to bacteriologic contamination but is thought to be related to some residual enzymatic activity that facilitates aggregation of the caseins. Milk may be stored for many weeks or months without any change. However, once the process of age gelation begins, it is usually only a few days until a solid gel is formed and the process is irreversible. Several factors affect the time until the onset of gelation. Age gelation occurs sooner in concentrated milk than in nonconcentrated milk. 21 It also occurs sooner in fat-free milk than in whole milk and occurs sooner in milk stored at room temperature rather than in milk that is kept cold (≈4°C) or warm (between 35°C and 40°C). 23 Age gelation could severely limit the usefulness of milk as a TM liquid. There are several treatments that can substantially delay the onset of gelation, that is, reduce the susceptibility of the caseins to aggregate during storage. A severe heat treatment, for example, autoclaving at 120°C for 15 minutes, delays the onset of gelation considerably by up to 2 years. 23, 24 This delay is probably due to denaturation of the enzymes responsible for gelation. This method is not regularly used by the dairy industry because it causes appreciable changes in the appearance and flavor of the milk. There have also been numerous studies on the use of various additives to delay the onset of gelation. 25 In particular, the addition of several grams of sodium polyphosphate per gram of protein present in milk delays gelation by many months. 26 Another method is the addition of 6-amino-n-hexanoic acid, a known plasmin inhibitor. 27 These methods (heat treatment and use of additives) have been used to delay the onset of gelation, but no method has been found that entirely prevents it from occurring. The production of any TM liquid that incorporates the use of milk must contain some mechanism of delaying the onset of gelation for many months and also must preserve the milk from microbiological contamination.
Practical Considerations
There are 2 practical considerations regarding use of the TM liquid in making exposure measurements. First, the liquid should be enclosed to prevent desiccation and direct contact with air. Desiccation of the liquid will cause the acoustic properties to change over time as the water content decreases. Additionally, if the liquid were in direct contact with air, there could be reactions of the milk components with oxygen. Second, it may be advantageous that the monitoring hydrophone not be in direct contact with the TM liquid because of unknown effects of substances such as preservatives and proteins on the materials composing the hydrophone. MacDonald and Madsen 2 directly immersed the hydrophone in TM1999 and noted a degradation of the hydrophone response function.
An exposure apparatus has been constructed in our laboratory in which the TM liquid is enclosed in a flexible sack constructed of 100-µm-thick plastic-coated aluminum foil. Diagrams depicting essential elements of the apparatus are shown in Figures 1 and 2 . Well-characterized transmission windows in the sack allow the interrogated ultrasound beam to enter and exit the sack. A membrane hydrophone can be positioned just beyond one of these windows. Because of the flexibility of the sack, the axial distance between source and hydrophone can be varied from 1.5 to 25 cm. Additionally, the hydrophone can be translated in the directions perpendicular to the axis of the ultrasound beam (lateral and elevational) by ±10 cm throughout the axial range of motion. This apparatus will be described in detail in a subsequent article along with exposure data for numerous diagnostic scanner configurations.
Materials and Methods

Production of Concentrated Fat-Free Milk
To avoid the problem of milk lipid globule sedimentation observed by MacDonald and Madsen 2 with the use of TM1999 in exposimetry studies, it is desirable to attempt to use a material without such particles. Fat-free milk contains very little lipid and is a candidate for use as a TM liquid. However, previous measurements of the speed of sound and attenuation of fat-free milk have shown that the values of these acoustic properties in fat-free milk are appreciably less than the desired values. The speed of sound of fat-free milk is about 1520 m/s, and the attenuation coefficient has a nearly linear dependence on frequency with a slope that is approximately 0.1 dB ⋅ cm
. Previous work showed that the attenuation coefficient and speed of condensed whole milk are much greater than those of single-strength whole milk (0.8 dB ⋅ cm 14 The acoustic properties of commercially available concentrated fat-free milk were measured in our laboratory, and it was found that both the speed of sound and attenuation coefficient are not within the desired ranges; the speed of sound is about 1570 m/s, considerably greater than 1540 m/s, and the slope of the attenuation coefficient is about 0.2 dB ⋅ cm
. One cause of this high speed of sound is that commercial fat-free milk is generally produced by removing essentially only water by evaporation or reverse osmosis; thus, the concentrations of lactose and salts present in milk are increased. It is known in general that the presence of such solutes increases the speed of sound of the material; for example, the speed of sound in seawater is higher than that in distilled water. Because both the speed of sound and attenuation coefficient are outside the desired range, commercially available concentrated fat-free milk is not a viable TM liquid for use in exposimetry.
An alternative is to concentrate fat-free milk by ultrafiltration. Ultrafiltration is a pressureactivated membrane process for the separation of solutes based on size. It operates in a manner similar to that of the better known process of reverse osmosis. The difference between ultrafiltration and reverse osmosis involves the diameter of the membrane pores (ultrafiltration, 1-100 nm; reverse osmosis, 0.1-1 nm). 28, 29 The material that flows through the membrane is known as the permeate, and the material that does not is known as the retentate. The retentate will contain almost all the particles larger than the size of the pores in the membrane that were present in the original substance.
The size of the pores is usually specified in terms of molecular weight cutoff, which provides an estimate of the largest molecule that will pass through the membrane pores. For example, with a 10,000-molecular weight cutoff ultrafilter, almost all casein micelles will be retained, whereas smaller molecular proteins, lactose, and ionic salts will have approximately the same concentrations in the retentate as in the permeate. As noted by Renner and Abd El-Salam, 29 because of binding to macromolecules, some salts and ions may be more concentrated in the retentate than the original liquid. For example, much of the calcium in bovine milk is bound within the casein micelles and thus will be retained along with the micelles.
A typical method of using an ultrafiltration system is to continuously feed the retentate back into the supply going to the membrane, allowing the two to mix. This method allows for the material to make many passes through the membrane until a predetermined concentration has been reached. Fat-free milk that is concentrated by a factor of 3 by ultrafiltration (ie, processed through the ultrafiltration system in this way until the volume of the retentate equals one third of the original volume) should have its attenuation coefficient increased to about 0.3 dB ⋅ cm concentration of casein micelles. Furthermore, because the process of ultrafiltration will not increase the concentration of lactose and salts, but only high-molecular weight proteins, the speed of sound of milk concentrated by ultrafiltration should be less than that of commercially available concentrated fat-free milk. Fat-free milk purchased from a grocer was concentrated by a factor of 3 in an ultrafiltration system with a 10,000-molecular weight membrane filter (FlexStand bench top pilot system with a UFP-10-C-55 filter; A/G Technology Corporation, Needham, MA). With this system, 36 L of fat-free milk could be concentrated to 12 L in about 4 hours.
Acoustic Properties of the Initial Sample
A sample of this liquid was prepared, and its acoustic properties were measured according to the procedure detailed in the following section. This initial sample was preserved with 0.5-g/L thimerosal with no additional measures to minimize age gelation. The results of attenuation coefficient measurements at 22°C and at several frequencies (2.25, 4.5, 6.5, and 8.0 MHz) for both single-strength and concentrated fat-free milk are shown in Figure 3 . For reference, also shown in Figure 3 is a line corresponding to 0.3 dB ⋅ cm
. The attenuation coefficient of concentrated fat-free milk is very close to 0.3 dB ⋅ cm , yielding an average attenuation coefficient slope (attenuation coefficient divided by frequency) of 0.30 dB ⋅ cm -1 ⋅ MHz -1 between 2 and 10 MHz.
Trial Methods for Producing Long-term Stability
To determine methods to prevent age gelation and microbiological contamination, a trial study was performed. The 3 techniques used in delaying age gelation mentioned above (autoclaving, sodium polyphosphate, and 6-amino-n-hexanoic acid) were combined with 13 antibacterial agents (preservatives) to produce a collection of 52 combinations of preservation and age gelation prevention methods. (One subset of the 52 involved each preservative with no other means to prevent age gelation.) The various preservatives are given in Table 1 . The preservatives include several wellknown agents: formalin, bleach, and n-propanol, whose concentrations were chosen on the basis of previous work in our laboratory. Additionally, 2 widely used food preservatives, sodium benzoate and methylparaben, were used, as well as a combination of n-propanol and methylparaben. The basic TM liquid used to test the above combinations was produced as described above by ultrafiltration; however, the concentration of the fat-free milk was increased to about 3.5× instead of 3×. Because the likelihood of age gelation increases with increases in milk solid concentration, this base trial material ensures that, if longterm stability is found for some combination of antibacterial agent and age gelation prevention technique, then long-term stability should exist for lesser concentrations of milk solids. Because of the higher-than-needed concentration of milk solids, the average attenuation coefficient slopes and propagation speeds measured for the trial materials are generally higher than 0.3 dB ⋅ cm With the use of the ultrafiltration system described above, 12 L of fat-free milk concentrated by a factor of 3.5 was produced. This liquid was divided into 4 groups that had different age gelation prevention strategies applied to them, including no age gelation strategy. The 3 groups that would not be autoclaved were further separated into small batches, and the preservatives were added to them and then placed into a sample cylinder. The remaining liquid was autoclaved at 120°C for 15 minutes (not including the necessary time for the autoclave to achieve this temperature or the time needed for the dissipation of the heat). Then the autoclaved liquid was cooled in a water bath until it reached room temperature. The liquid was then passed through a sieve with 100-µm openings. Finally, the autoclaved liquid was subdivided, preservatives were added, and sample cylinders were filled.
Method of Measurement of Acoustic Properties
The sample containers and procedure for speed of sound and attenuation measurements have been described in detail previously. 14 The speed of sound, attenuation coefficients, and B/A are measured by through-transmission narrowband techniques. In this section, we present overviews of the speed of sound and attenuation coefficient measurement procedures and a detailed description of the procedure for measuring the nonlinearity parameter B/A.
Samples
Samples of all prospective TM liquids were contained in optically transparent cylindrical acrylic rings that were 2.5 cm long and had an inner diameter of 7.6 cm and 6 mm wall thickness. A sheet of 25-µm-thick Saran Wrap plastic film (Saran Film 18; Dow Chemical, Midland, MI) was glued over each end of the cylinder. These sheets act as acoustic windows, allowing the transmission of ultrasound pulses through the sample. An unattached red 6-mm-diameter acrylic sphere was included with the TM liquid in each sample to test for onset of gelation because the sphere will be immobile if gelation occurs. Care was taken throughout the duration of this study to avoid agitation of the sample materials; sample cylinders were always stored in the same orientation when not in use, with minimal movement between the storage container and apparatus for measuring acoustic properties. The samples were stored in an airtight container with high humidity to minimize diffusion loss of water through the Saran Wrap. The storage containers were shielded from exposure to ambient light to prevent interaction of light with sample preservatives. (Some preservatives tested in this study are known to be sensitive to ultraviolet light.) The samples were stored at room temperature for the entire duration of the experiment. All measurements of acoustic properties were conducted at 22.0°C ± 0.1°C. The density of each liquid sample was measured at the time of its production with a calibrated set of hydrometers (Fisher Scientific Company, Pittsburgh, PA).
Speed of Sound
The speed of sound of a sample is determined by the change in time of flight between 2 transducers immersed in water when the sample is inserted between them. The experimental setup (Figure 4) The function generator creates a low-amplitude sinusoidal voltage signal of 30 cycles at a specific frequency, which is amplified and sent to a transmitting transducer. The signal detected by the receiving transducer is displayed directly on the oscilloscope, which is triggered with a pulse from the function generator that is synchronous with the start of the output voltage pulse. The time necessary for a narrowband pulse to travel through water from the transmitting transducer to the receiving transducer is compared with the time needed when part of the water is replaced by the sample. Neglecting the small phase shift induced by the Saran window, the speed of sound in the sample is given by (1) where c w is the speed of sound in pure water (1488.3 m/s at 22.0°C) 32 ; ∆t is the observed time shift; and d is the thickness of the sample. The sample thickness was measured with machinist's calipers. The time shift of a zero-crossing near the center of the pulse was measured with the digital oscilloscope's cursor measurement feature.
Attenuation Coefficient
Attenuation is determined by measuring the ratio of the amplitude of the received signal with and without a sample present. The experimental setup is the same as that used for measuring speed of sound. However, in this case, the effect of the Saran windows on amplitude can be quite substantial; thus, any attenuation measurement must correct for this effect. The attenuation coefficient (in decibels per centimeter) is given by (2) where A 0 is the amplitude measured without a sample present, and A is the amplitude with a sample present. T total is the frequency-dependent total transmission coefficient, defined as the pressure amplitude transmission coefficient for the pulse passing from water through the Saran Wrap and into the sample material multiplied by the pressure amplitude transmission coefficient for the pulse going from the sample material through the Saran Wrap back into water. The pressure amplitude transmission coefficient through a thin layer for plane, sinusoidal acoustic waves is given by (3) where Z 1 , Z 2 , and Z 3 are the acoustic impedances of the initial material, thin layer, and final material, respectively; k 2 is the wave number in the layer, l is the thickness of the layer; and j is the square root of -1. 33 Because there are 2 layers of Saran Wrap present, one at the entrance and one at the exit of the sample, the total amplitude transmission coefficient is the product of the transmission coefficient from water to the sample and from the sample to water; that is, (4) where Z w is the acoustic impedance of water; Z s is the acoustic impedance of the sample; Z Saran is the acoustic impedance of Saran Wrap; l is the thickness of the Saran Wrap window; and k Saran is the wave number of the ultrasound beam in the Saran Wrap. Note that the total transmission coefficient T total is real valued even though the individual amplitude transmission coefficients are complex. The acoustic impedance is the product of the physical density of a material and its speed of sound. The density of Saran Wrap, as measured in our laboratory, was found to be 1.69 g/mL, which agrees with the nominal value provided by Dow Chemical. Previous measurements of the transmission coefficient of Saran Wrap at our laboratory have yielded a sound speed of 2500 ± 50 m/s. At the frequencies used for these experiments (2-8 MHz), the attenuation of water is negligible, and its effect was not included. Attenuation values were recorded at multiple frequencies, and the results were fit to a "power law" model, α = α 0 f n , where f is the frequency in megahertz, and α 0 and n are constants determined by the fit.
Nonlinearity Parameter B/A
The nonlinearity parameter B/A was measured by the finite amplitude insert substitution technique. 17 The setup is similar to that used for speed of sound and attenuation except that the transducers are placed close together (≈6 cm apart), and a receiving transducer that is sensitive to the second harmonic of the transmitting transducer is used. For these measurements, a 2.25-MHz center frequency transmitting transducer (model V306; Panametrics, Inc, Waltham, MA) and a 5.0-MHz receiving transducer (model V309; Panametrics, Inc) were used. The received waveform was transferred to a personal computer via general purpose interface bus and analyzed in Mathematica (Wolfram Research, Inc, Champaign, IL) to calculate the amplitude of the second harmonic by Fourier analysis. A waveform was recorded with a sample located very close to the receiver, and the amplitude of its second harmonic was calculated. A second waveform with a sample cylinder containing degassed distilled water was also recorded, and the amplitude of its second harmonic was calculated. The B/A of the sample is given by (5) where p 2,s is the second harmonic magnitude with the sample in place; p 2,w is the second harmonic amplitude with the reference sample in place; L is the distance between the 2 transducers; d is the thickness of the sample; and α 1 and α 2 are the attenuation coefficients of the sample at the first and second harmonic frequencies, respectively. ( B _ A ) w is the nonlinearity parameter of water, which is 5.2. T 1 and T 2 are the transmission coefficients from water to the TM material and from the TM material to water, respectively. Because we use a second cylinder filled with water for the reference waveform, the effect of the Saran windows largely cancels, leaving the standard two medium transmission coefficients given by (6) F(k,r 1 ,r 2 ) is a correction factor for diffraction effects, where k equals k w or k s is the wave number in water or TM material, respectively, and r 1 and r 2 are two distances from the source. This correction factor uses approximate analytical formulas for the second harmonic from a piston source averaged over a phase sensitive receiver of the same size. F is given by (7) where (8) and a is the radius of the active area of the source (and receiver). Note that there are several typographical errors in the equations in the article by Gong et al. 17 The correct forms are given by Shi and Gong 34 and are shown above as Equations 5 and 7.
Uncertainty Analysis
Uncertainties in measured values of attenuation coefficients and speeds of sound were essentially entirely systematic; that is, random errors corresponding to reproducibility were negligible in comparison.
The uncertainty in the speed of sound can be estimated by standard propagation of instrumental uncertainties 35 in the thickness of the sample and time shift of the received signal. For the samples considered here, a conservative estimate of the uncertainty in sample thickness was taken to be twice the vernier increment of the vernier calipers, namely, 2 × 0.1 mm = 0.2 mm. The uncertainty in the time shifts was taken to be 5 nanoseconds, consistent with the specifications of the oscilloscope. Propagation of these errors yields an uncertainty in speeds of sound of less than 1 m/s for all samples considered in this work. Note that all the samples are very close to 2.5 cm thick and have time shifts that vary by less than a factor of 2.
Likewise, the uncertainty in values of attenuation coefficients can be estimated with the use of the instrumental uncertainties in measurements of the sample thickness and amplitudes of received waveforms with and without the sample in place. The amplitudes with and without a sample present can be measured to within 3% as specified for the calibrated oscilloscope. Propagation of these uncertainties yields the uncertainty estimate in the attenuation coefficient for all samples under consideration in this work. Fits of attenuation coefficient values to a power law model also included uncertainties for the fitting parameters. 36 Two potential systematic errors in speed of sound and attenuation measurements, viz nonlinear propagation and diffraction effects, were minimized. The effect of nonlinear propagation was minimized with the use of a source signal with the smallest possible amplitude that allowed for a sufficient signal-to-noise ratio of the attenuated waveform. To verify that the amplitudes used were sufficiently small, several samples were measured again at 2 and 4 times the driving amplitude initially used with no change observed in the measured speed of sound or attenuation coefficients. Refraction effects (the possibility of the sample acting as a lens) are very small because the sound speed in the samples is only a few percent different than that of the reference medium and because the samples are carefully constructed to have nearly flat parallel boundaries. Diffraction effects are negligible because the sample cylinders are large enough to include essentially the entire ultrasound beam. This was verified by measuring several samples with the sample cylinder located at various distances from the transmitter (eg, close the transmitter, halfway between the transmitter and receiver, and close to the receiver) with no appreciable change.
It is difficult to estimate the uncertainty of the measurements of the nonlinearity parameter B/A. Gong et al 17 give few details regarding the uncertainty associated with their method of measurement, only quoting an estimated uncertainty of 8% for liquid samples and stating that much of this is due to uncertainty in the thickness of the sample. Detailed propagation of errors on an equation as complicated as that for B/A would be difficult, and the result may offer few benefits. One alternative is to estimate random errors via repeated measurements using the same sample. We used several "standard" samples of materials that have been investigated by other researches, including ethylene glycol and corn oil. Repeated measurements on these samples yielded values that were within 10% of each other and of published values for those materials. Therefore, the uncertainty of the B/A values is estimated to be about 10%.
Results
Of the 52 combinations of preservation and age gelation prevention measures, 21 failed (either spoiled or gelled) within 2 days of production and were discarded. The speed of sound at 5.0 MHz and attenuation coefficients over a range of diagnostic frequencies of the 31 remaining combinations were measured at 22.0°C within 3 days of production. The results of these initial measurements at 5.0 MHz are listed in Table 2 . Also listed in this table are the acoustic properties of a sample with no preservatives for comparison with the properties of preserved samples. The final column of this table lists the number of months that each of these 31 samples survived before either the onset of age gelation (evidenced by immobility of a small red acrylic sphere present in each sample) or spoilage of the sample (evidenced by the appearance of gas within the sample cylinder).
A sample of the nonpreserved concentrated fatfree milk was sent to the University of Wisconsin Dairy Research Center for component analysis. The results of this analysis, along with values typically found in nonconcentrated fat-free milk, are given in Table 3 . The results show an increase in protein content much greater than typically found in single-strength fat-free milk, whereas the lactose content is the same as in singlestrength fat-free milk. This increase in protein concentration, although leaving the concentration of lactose and other solutes unchanged, is the key to using ultrafiltration to produce a TM liquid from fat-free milk because it ensures adequate attenuation without increasing the speed of sound to greater than 1540 m/s. Only 8 of the initial 31 samples were still viable (remained liquid and showed no evidence of bacterial invasion) after a total of 22 months of storage at room temperature. Three of these 8 contained thimerosal and had been autoclaved; 2 contained 5% vol/vol n-propanol and had been autoclaved; and 3 contained 5% vol/vol formalin and had no age gelation prevention strategy, had been autoclaved, or contained 2.4-g/L sodium polyphosphate.
To assess the stability of the ultrasonic properties of the samples, occasional measurements (about every month) of the speed of sound and attenuation at 5.0 MHz were conducted. Results Combinations not listed failed within 48 hours of production. Age gelation prevention strategies: A indicates autoclaved for 15 minutes at 120°C; B, 2.4-g/L sodium polyphosphate; and C, addition of 13-g/L 6-amino-n-hexanoic acid. Also listed are the properties of an unpreserved sample and the time each sample survived before spoiling or forming a gel. ) and in the fat-free milk concentrated 3× by ultrafiltration in our laboratory are shown. Values in the 3× fat-free milk were measured at the University of Wisconsin-Madison Dairy Research Center.
of periodic monitoring of speed of sound and attenuation coefficient at 5 MHz and 22°C for the 8 samples that survived 22 months are shown in Figures 5-7 . Additionally, at 2 times, 4 and 20 months after production, the attenuation coefficients of all surviving samples were measured at several frequencies, and the results were fit to a power law model. The results of these power law fits, along with the initial measurements performed within 3 days of production for the 8 samples that survived more than 22 months, are listed in Table 4 , along with the nonlinearity parameter B/A.
In Table 5 are shown results of linear curve fitting to the attenuation data of Figures 5-7 . The right column shows the percent change over a 2-year period implied by the curve fitting. . The actual frequency dependence of the attenuation coefficient is proportional to (frequency) n , where n is somewhat greater than 1.0 but less than 1.2. The use of concentrated fat-free bovine milk as a TM liquid offers a distinct advantage over whole bovine milk because the paucity of lipid particles in fat-free milk greatly reduces the change in acoustic properties due to gravitational sedimentation (ie, the rising of lipids to the top surface of the liquid).
Discussion
Development of a TM Liquid
For use in exposure systems, the TM liquid must satisfy the following practical necessities for many months or years: (1) it must remain a liquid and not be subject to bacterial invasion; and (2) the relevant ultrasonic properties must remain unchanged without need for periodic mixing by the user.
A large number of methods were tested for preserving the liquid. Eight methods have been successful in that the liquid remained liquid and free from bacterial invasion for at least 22 months; these methods are listed in Table 4 . Six of them involve autoclaving plus a chemical preservative. In 3 cases, small concentrations of thimerosal were used (1 or 2 times the concentration found in contact lens solution). 31 Three methods used formalin as the antibacterial agent, and 2 used n-propanol. Autoclaving helps destroy or greatly reduce residual enzyme and bacterial activity and helps denature serum proteins, which results in their association with casein micelles. 18 The presence of denatured serum proteins on the casein surface may also present an additional barrier to aggregation, thus lessening the likelihood of age gelation.
As seen in Figures 5-7 , the propagation speed of the 8 versions surviving for 22 months tend to decrease over that period. However, the decrease is only 2 or 3 m/s; thus, the propagation speed is considered invariant over about 2 years.
Two of the surviving 8 methods of preserving are questionable on the basis of the time dependencies of attenuation. One sample, namely, that preserved with 50-mg/L thimerosal and autoclaved ( Figure 6 , solid curve), shows an abrupt rise between 550 and 600 days after production. The other sample is one preserved in the same way, except 250-mg/L chlorhexidine digluconate is also present (Figure 6, dotted curve) ; the drop in attenuation coefficient over 2 years is 11.5% (Table 5 , second sample), which is considerably greater than the drop for the other samples. It is suggested that these 2 methods of preservation be eliminated from consideration, leaving 6 viable ones, namely, the last 6 listed in Table 5 .
Considering the 2.5% uncertainties in the percent values in the right column of Table 5 , it is a reasonable assumption that all 6 remaining methods of preservation are equivalent regarding the decrease in attenuation with time. The mean decrease in attenuation for the 6 over a 2-year period is 7%. Considering a case in which the p r and the PII values are determined at a depth of 5 cm for a center frequency of 5 MHz, a 7% decrease in attenuation coefficient is 0.07
This decrease translates into approximately a 6% increase in p r and an 11% increase in PII over a 2-year period. These increases seem to be of borderline importance; however, a straightforward "fine tuning" could be done according to the current American Institute of Ultrasound in Medicine derating methods without notable impairment regarding accounting for nonlinear propagation.
All 6 of these methods involved materials with somewhat higher attenuation coefficient slopes at 5 MHz, closer to 0.45 dB ⋅ cm
, and propagation speeds higher than 1540 m/s at 22°C. For the 6 versions not containing n-propanol, distilled water (plus a small concentration of n-propanol) can be added to yield 0.3 dB ⋅ cm -1 ⋅ MHz -1 and 1540 m/s without appreciably changing the nonlinearity parameter B/A. This procedure was used to produce another sample of liquid from some of the additional material that had been autoclaved and preserved with 5% vol/vol formalin. The acoustic properties of this sample were measured to be as follows: speed of sound, 1540 m/s; attenuation coefficient, 0.23f 1.16 dB ⋅ cm ; and B/A, 7.6. For the samples preserved with n-propanol, addition of distilled water to yield 0.3 dB ⋅ cm -1 ⋅ MHz -1 will produce a propagation speed of about 1548 m/s. If it is critical to achieve the 1540-m/s value (ie, 1548 m/s is not acceptable), then the versions with npropanol should be avoided. 
Stiles et al
Effect of Exposure to High-Intensity Ultrasound Beams
It is possible that repeated exposure to highintensity ultrasound beams might cause deterioration of the TM liquid on a molecular level. For example, acoustic streaming would likely be much more vigorous in the more highly attenuating TM liquid than in water. 37 Although no carefully designed experiment has been carried out to assess such deterioration, approximately 15 L of the TM liquid has been repeatedly exposed to high-intensity beams over a 2-year period when exposure data were being gathered on about 50 different scanner configurations with the use of the apparatus depicted in Linear fit parameters of change in attenuation coefficients at 5.0 MHz over 2 years, including associated percent change (calculated from slope parameter) in attenuation coefficients are shown. Age gelation prevention strategies: A indicates autoclaved for 15 minutes at 120°C; B, 2.4-g/L sodium polyphosphate; and C, addition of 13-g/L 6-amino-n-hexanoic acid.
appeared to be no appreciable change in the ultrasonic properties over the 8-month period of exposure. Also, the 15 L of TM liquid showed no macroscopic evidence of deterioration when it was removed from the sack after 2 years of use, and the beam exit window (see Figure 2 ) had no evidence of liquid deterioration such as deposits of viscous material. One possible advantage of acoustic streaming is that it tends to circulate the TM liquid in the region of high ultrasound intensity, thus reducing exposure time of local volumes of the TM liquid.
